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Abstract
Background: Cloning of genes in expression libraries, such as the yeast two-hybrid system (Y2H),
is based on the assumption that the loss of target genes is minimal, or at worst, managable.
However, the expression of genes or gene fragments that are capable of interacting with E. coli or
yeast gene products in these systems has been shown to be growth inhibitory, and therefore these
clones are underrepresented (or completely lost) in the amplified library.
Results: Analysis of candidate genes as Y2H fusion constructs has shown that, while stable in E.
coli and yeast for genetic studies, they are rapidly lost in growth conditions for genomic libraries.
This includes the rapid loss of a fragment of the E. coli cell division gene ftsZ which encodes the
binding site for ZipA and FtsA. Expression of this clone causes slower growth in E. coli. This clone
is also rapidly lost in yeast, when expressed from a GAL1 promoter, relative to a vector control,
but is stable when the promoter is repressed. We have demonstrated in this report that the
construction of libraries for the E. coli and B. subtilis genomes without passaging through E. coli is
practical, but the number of transformants is less than for libraries cloned using E. coli as a host.
Analysis of several clones in the libraries that are strongly growth inhibitory in E. coli include genes
for many essential cellular processes, such as transcription, translation, cell division, and transport.
Conclusion: Expression of Y2H clones capable of interacting with E. coli and yeast targets are
rapidly lost, causing a loss of complexity. The strategy for preparing Y2H libraries described here
allows the retention of genes that are toxic when inappropriately expressed in E. coli, or yeast,
including many genes that represent potential antibacterial targets. While these methods are
generally applicable to the generation of Y2H libraries from any source, including mammalian and
plant genomes, the potential of functional clones interacting with host proteins to inhibit growth
would make this approach most relevant for the study of prokaryotic genomes.
Background
The yeast two-hybrid system is a versatile and powerful
system for the identification of proteins that interact
directly with a protein target [1,2]. This system has had a
dramatic effect on studies of eukaryotic processes, such as
signal transduction and studies of the cytoskeleton.
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However, the complexity of these libraries presents prob-
lems with their handling and amplification. For example,
representation of clones that express functional fusions
can be lost if the fusion is expressed during amplification,
and if is somewhat toxic or growth inhibitory. Many
libraries are of eukaryotic origin, and toxicity of library
inserts caused by expression of functional domains in E.
coli, is not typically considered a problem. There are sev-
eral reasons cited for this. Many of the protein families
that are studied in the yeast two-hybrid system are not
found in E. coli. This would suggest that expression of
fusions within the E. coli host do not have targets that they
can interact with. In addition, toxicity of some fusions is a
small consequence of the power of the yeast two-hybrid
system. Toxicity is a greater problem when considering a
two-hybrid system (or other expression library) of
prokaryotic origin, since inappropriate expression of an E.
coli gene is frequently a problem, particularly for genes
encoding components of multisubunit complexes and
transmembrane proteins.
The problem of toxicity associated with translational
fusions to important genes in two-hybrid screening with a
prokaryotic library became clear when screens to identify
genes that interact with the E. coli cell division gene ftsZ
failed to identify genes that are known to interact with it.
These negative results were correlated with the knowledge
that ftsZ, and many other genes encoding components of
the cell division machinery, are unstable when cloned on
plasmids, in some cases even when the promoter element
is removed. Our decision to develop our own library pro-
vided us with the opportunity to look at all the aspects
that occur in making a two-hybrid library, and determine
how the construction of such a library can best preserve
the complexity of a prokaryotic genome.
Thorough screening for genes involved in protein-protein
interactions to which E. coli growth is inhibited is a critical
component of improving the search for novel antimicro-
bial compounds. Yet these clones are specifically lost in
the construction and amplification of expression libraries.
The search for new classes of antimicrobial compounds is
a vital part of the long-term management of infectious dis-
eases [3]. Many important new classes of drug targets are
proteins that are better represented in these new libraries,
including membrane proteins, and protein-protein com-
plexes that E. coli carefully regulate, such as those occur-
ring during cell division, transcription and solute
transport [4].
Results
Stability of fusions which interact with essential gene 
products in E. coli
We have examined the steps involved in making a two-
hybrid library, and tried to identify steps that are particu-
larly important for maintaining the complexity of
prokaryotic genomic library. As discussed above, the most
important step we could identify was to avoid passaging
the library through E. coli at any stage. This meant that we
would have to transform the ligation products directly
into yeast, a step that would make the project much more
difficult, since the transformation efficiency of yeast is
much lower that that of E. coli. If the library was to be used
in more than one screen, then an additional element
needs to be introduced. The library would have to be
transformed into a host strain that does not contain any
bait plasmid. The introduction of a bait plasmid for each
screen would be done by mating [5]. We chose strain
YM4271 because it is a strain that performs well in mat-
ing-based two hybrid assays using the Lex system. For this
strain, a reporter would also have to be introduced by
mating. The fact that the strain lacks both bait and a
reporter provides significant flexibility concerning what
these plasmids can be, so that improvements in either can
be incorporated into later screen designs (see Discussion).
Observations made while working with ftsZ also influ-
enced our decision to develop our library in a pB42-based
plasmid. Working with ftsZ in the two-hybrid system sug-
gested that it was somewhat toxic in yeast as well as E. coli.
ftsZ hybrids in the Gal system show a reduction in growth
rate, and cells appear abnormal when viewed by phase
contrast microscopy (results not shown). A significant
reduction in growth rate was also observed in the Lex sys-
tem, when ftsZ was expressed as a fusion to the B42 acti-
vation domain, and cells were grown under conditions
that induce expression of the fusion. This fusion is under
the control of the GAL1 promoter and is not expressed in
glucose. Growth in galactose greatly exacerbated the slow
growth phenotype, suggesting that the expression of ftsZ is
toxic to yeast. We decided it was important to quantitate
this effect, especially the extent to which growth in glucose
could minimize the loss of growth inhibitory plasmids,
preserving complexity of the library.
In this experiment, yeast strain YM4271 was transformed
with plasmids pB42 and pB42-ftsZ. These transformants
were mated with strain EGY48 that had been transformed
with plasmid pLexA. Overnight cultures of the resulting
diploids (grown in SD-Trp media) were used to inoculate
100 ml each of YPD and YPGal media. Cultures were
grown for 5 hours, at which time aliquots were removed
and serially diluted onto YPD plates and SD-Trp plates.
Individual colonies were counted and tabulated. The
results of one experiment are presented in Table 1. It can
be seen in this table that expression of the B42-ftsZ fusion
through growth in galactose-containing medium is
growth inhibitory to yeast. The effect was not as dramatic
when the Gal4AD-ftsZ fusion was compared a vector con-
trol when grown in YPD for several generations (resultsBMC Genomics 2003, 4 http://www.biomedcentral.com/1471-2164/4/36
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not shown). However, even subtle differences in the
growth rate of functional clones, through the constitutive
expression of plasmids in the Gal system, would be an
additional liability for maximum complexity of the
library. Thus, we felt that a library cloned behind the
GAL1 promoter, and expressed in glucose offered the best
way to limit the loss of plasmids that express important
fusions.
Construction of E. coli and B. subtilis Y2H libraries 
directly in yeast
We decided to base our strategy for the cloning portion of
this project on the strategy developed by James et al [6]. In
that report, they modified the multiple cloning site of
pGAD424 to allow the ligation of insert digested with a
family of restriction enzymes that cleave DNA at various
four-base recognition sequences such that they produce
two-base overhangs that can be cloned into a ClaI restric-
tion site. We developed polylinkers that included a ClaI
site, as well as other restriction sites such as EcoRI and
BglII. These last two restriction sites allow the cloning of
DNA that has been digested with Tsp501I  and  Sau3A,
respectively. These last two enzymes were included
because of the increased efficiency of ligation of restric-
tion fragments with a four-base pair overhang, compared
with the two-base pair overhang. The increased efficiency
of ligation was seen as a factor to compensate for the
lower efficiency of transformation into yeast, relative to E.
coli. The multiple cloning site cassette was constructed in
all three reading frames. DNA from the E. coli strain
MG1655 and the B. subtilis strain 168 were chosen for this
library because they well characterized genetically, and
have been completely sequenced. Chromosomal DNA
was isolated and prepared for cloning by partial digestion
with several enzymes as listed in Table 2.
DNA ligations were transformed directly into YM4271. To
do this as effectively as possible, the strain was carefully
characterized to determine the conditions in which it had
the highest transformation efficiency. Yeast strains are
readily transformable by both electroporation and with
lithium acetate [7,8]. However, the conditions in which
they do this with maximum efficiency is strain dependent.
Using the lithium acetate transformation procedure as an
example, some strains transform well after a 15 minute
heat shock, whereas other do not transform well with less
than a 30 minute heat shock [7,9]. Purified partial digests
were mixed with digested, phosphatased vector DNA in
titration experiments and scored by transformation in E
coli, solely as a means of determining the number of suc-
cessful ligations. The amount of vector DNA and the ratio
of insert to vector DNA were examined. Optimal condi-
tions determined in the test reactions were repeated in
multiple ligations for each sample of insert DNA. Ligation
reactions were transformed into yeast made competent by
treatment with lithium acetate. Transformation reactions
were pooled by insert preparation, but not vector reading
frame, and used to inoculate 500 ml of -Trp media. Cul-
tures were grown to an OD of 0.8 to 1.2, pelleted and
resuspended in 50 ml medium for freezing. Aliquots were
taken after transformation to determine the total number
of transformants, and after freezing, to determine the titer.
The results are presented in Table 2. Table 2 lists the
restriction enzymes used to generate the fragments, along
with their cut site frequencies and number of fragments
generated for a complete digestion (or total 5' ends). The
table also includes an estimation of the extent to which all
potential clones have been generated, as described by Fin-
kel et al. [10], discussed further in the next section.
Analysis of library clones
We analyzed the clones of the library in three ways. The
first is the fraction of clones that contain inserts. The sec-
ond is a statistical analysis of the predicted coverage of the
genomes, based on the number of clones obtained in each
of the pools and the number of restriction sites in the
Table 1: Plasmid Loss During Growth in Rich Media
Plasmid Media Plate Colonies Percent lost
pB42 YPD YPD 112 13
SD-Trp 97
YPGal YPD 127 13
SD-Trp 110
pB42-ftsZ YPD YPD 126 8
SD-Trp 116
YPGal YPD 98 92
SD-Trp 8
Yeast strain YM4271 transformed with the plamids indicated in the table were grown for 5 hours in YPD or YPGal (as indicated) and plated as serial 
dilutions on both YPD and SD-Trp. Colonies growing from these cultures following 100 µl of a 1:10000 dilution were counted. Data from this 
experiment is representative of four separate experiments.BMC Genomics 2003, 4 http://www.biomedcentral.com/1471-2164/4/36
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genome for the restriction enzymes used to prepare the
insert DNA. The third is the identification and analysis of
inserts that are stable in yeast, but not in E. coli. Trans-
formants from the yeast library pools were isolated as sin-
gle colonies and their plasmids isolated. These plasmid
samples were then transformed into E. coli. For the colo-
nies recovered by transformation into E. coli strain DH10B
in each of the pools, a majority of the plasmids character-
ized by restriction digest showed inserts.
The second analysis of these libraries was a statistical
review of theoretical representation of inserts captured by
the library pools. This analysis is a comparison of the
number of clones generated with the number of clones
theoretically possible, based on the number of restriction
sites for the enzymes used to prepare the genomic DNA in
the genome. The result is a measure of the likelihood that
a specific insert is represented as a clone in a library pool,
and is usually expressed as the "Expected Number of 5'
Ends Missing". This analysis shows the principal liability
associated with cloning the ligation products directly in
yeast, when compared to libraries prepared by cloning
into E. coli [6,11,12]. In these projects, the efficiency of E.
coli as a host allows complete coverage of the potential
pools, based on the number of transformants. In the
libraries described here, several pools are missing a frac-
tion of the expected number of potential fusion junctions.
Lastly, we examined the rationale that cloning directly in
yeast allows inclusion of unstable clones, particularly
those that encode fusions that are growth inhibitory
because of inappropriate expression in E. coli. In order to
characterize the stability of the plasmids in E. coli, dip-
loids of the library-containing yeast strain YM4271 were
mated with EGY48 that contained the pLexA vector and
the plex(OP)8-lacZ  reporter construct. From these dip-
loids, plasmids were recovered and transformed into E.
coli strain KC8, which allows the specific rescue of bait
plasmids through the complementation of the trpB muta-
tion by the TRP1 gene. Following transformation, trans-
formants were spotted onto (A) plates that allowed for the
selection of any of the plasmids (vector, reporter or
library), because each plasmid confers ampicillin resist-
ance, or (B) onto plates that specifically selected for the
library plasmid because only it will complement the trpB
mutation of the host. The results are seen in Figure 2. In
part A, all the tranformants grew as spots, whereas in part
B, several of the transformants did not grow. In particular,
some of the spots showed some meager growth after 16
hours at 37°C, and others did not grow at all (cf. the first,
second and fourth spots in the second row). For those
transformants that were growth retarded, we analyzed the
insert of the pB42 fusion to see if the strain carried a
hybrid that could account for the aberrant growth. Several
plasmid inserts were amplified by PCR and sequenced.
The inserts were in-frame fusions of the B42 activation
domain to the genomic sequences listed in Table 3. Genes
for several essential processes were identified, including
transcription and translation, and solute transport. While
difficulties in working with membrane proteins such as
transporters, in the two-hybrid system have been noted
before [11,13], cloning of integral membrane proteins
using the Y2H system have been reported [14]. Other sys-
tems exist for studying protein-protein interactions
involving membrane proteins, as well [15]. We do not
foresee this system completely replacing such systems, but
if protein under study does interact with a membrane
protein, previous experience indicates that it can be iden-
tified in the Y2H system if it is present in the library. The
data reported here supports the suggestions that many
fusions may be lost or underrepresented in a two-hybrid
library due to growth defects caused by inappropriate
expression in E. coli.
Table 2: Analysis of Yeast Two-Hybrid Libraries to the E. coli and B. subtilis genomes.




F1 Expected number 
of 5' ends missing
% coverage / 
pool
E1 EcoRI Tsp509I 0.306 35728 1,560,000 520,000 4.78 E-07 0 100
E2 ClaI MspI 0.511 55200 240,000 80,000 0.238 12957 77
E3 ClaI MaeII 0.403 30360 230,000 76,667 0.088 2430 92
E4 ClaI TaqαI 0.325 35728 230,000 76,667 0.117 4179 88
E5 BglII Sau3A 0.416 35728 1,310,000 436,667 4.92 E-06 0 100
B1 EcoRI Tsp509I 0.655 55232 998,000 332,667 0.00242 134 100
B2 ClaI MspI 0.38 32034 165,000 55,000 0.180 5754 82
B3 ClaI MaeII 0.237 19986 260,000 86,667 0.013 261 99
B4 ClaI TaqαI 0.286 24028 222,000 74,000 0.0460 1105 95
B5 BglII Sau3A 0.472 39762 1,320,000 440,000 1.56 E-05 1 100
Calculations of site frequencies and prediction of the number of 5' ends are based on published genome sequences.BMC Genomics 2003, 4 http://www.biomedcentral.com/1471-2164/4/36
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Design of the library screen
The library can be screened with a mating strategy. The
library in strain YM4271 is revived and mixed with an
excess of strain EGY48 that contains the bait plasmid
(pLexA) and the reporter constructs (the high copy plas-
mid plex(OP)8-lacZ  and the chromosomal lex(OP)6-
LEU2 fusions). The strains are incubated in YEPD for 2–4
hours to allow zygotes to form, but before significant
growth resumes. Diploids that carry presumptive interact-
ing proteins would be selected on LUTH/GalRaf plates.
These could then be screened directly by replica printing
to LUTH/Xgal/GalRaf plates. Plasmid DNA from the colo-
nies would then be prepared to recover the prey plasmids
from strains that score positive. Prey plasmids that can be
recovered as stable transformants in E. coli may be retested
by retransforming into yeast and rechecking the Leu+ and
X-Gal+ phenotypes, along with controls that would show
whether these phenotypes are specific for the bait interac-
tion. Plasmids that cannot be recovered in E. coli can be
analyzed by PCR and sequence analysis of the insert. The
sequence of the insert can then be used to determine if the
clone represents a potentially interesting interaction.
These can then be followed up by one of several methods,
including cloning the insert under a stongly repressed pro-
moter, such as araB, or altering growth conditions to favor
the growth of the clone in E. coli. For example, inappropri-
ate expression of many of the genes required for cell divi-
sion show reduced toxicity when coexpressed with pZAQ,
a plasmid that expresses ftsZ, ftsA and ftsQ in amounts and
proportions that allow cell division to continue [16–18].
Discussion
The strategy described in this work seeks to address several
reasons that can limit the complexity of genomic libraries,
particularly two-hybrid libraries. Two-hybrid libraries,
and some other expression libraries, have unusually high
requirements for the number of clones needed for com-
plete representation of a genome. The one change that
affects this strategy the most is that the ligation products
are transformed directly into yeast, rather than the more
usual E. coli host. The advantage of the method described
here is that it directly addresses the potential of clones to
Sequence of the polylinker Figure 1
Sequence of the polylinker. The polylinker for pB42-C1 is shown. Restriction sites are underlined and labeled. The sequence of 
pB42-C2 and pB42-C3 are identical except for the addition of one and two additional G residues immediately prior to the 
EcoRI site, as indicated.
Table 3: Fusions to B42 that are unstable in E. coli
Library Insert Comments
E. coli YdaW putative membrane protein
YaaU probable transporter
PhoQ transmembrane receptor
YjcE putative Na+/H+ antiporter
GalR gal operon repressor protein
YicE hypothetical xanthine/uracil permease
PrfC polypeptide release factor 3
B. subtilis YwtA polyglutamate biosynthesis
YvaL EcSecG homolog, peptide secretion
MreB Bacterial actin homolog, cell shape determination
YwdJ Ipa-60d, homology to purine permeases
TrpB Tryptophan synthase, beta subunit
CotS Spore coat protein
Mfd Removes RNA pol from DNA lesions
YrvE Homology to ssDNA exonucleaseBMC Genomics 2003, 4 http://www.biomedcentral.com/1471-2164/4/36
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be lost from the library during the amplification and pas-
saging stages. Toxicity as a consequence of expression in
yeast can also be limited by maintaining the library in a
transcriptionally dormant state through growth in glu-
cose. Gene fragments that are toxic when expressed in E.
coli are particularly troubling in a search for antibacterial
targets, because they represent exactly the genes of greatest
interest as potential targets: genes whose expression is
tightly controlled because they impinge on very sensitive
processes. The challenge of developing the library in yeast
is the significantly lower transformation efficiency of yeast
as compared to E. coli. However, this method will still
have a role in developing a complete genomic analysis
when there is reason to think that toxicity is a problem,
such as circumstances described in this report. The use of
libraries that retain complexity of growth inhibitory
fusions should aid in both biological studies and in the
search for novel therapeutic strategies, which are key to
meeting the challenge of resistance to currently available
antibiotics [3,4].
Conclusions
The method described in this report will allow genes that
affect essential functions in E. coli to be cloned much
more readily than current versions of the Y2H system,
because the growth-inhibitory consequences of these
interactions during construction of the library are
bypassed.
Methods
Media, reagents and strains
Yeast strains EGY48, YM4271, bacterial strain KC8, and
plasmids pLexA, plex(OP)8-lacZ and pB42, were obtained
from BD/Clontech (Palo Alto, CA), and were described
previously [19]. E. coli strain DM1 is from Invitrogen
(Carlsbad, CA). Media is from Difco and Bio101, and is
prepared according to standard recipes [20,21]. Restric-
tion enzymes, T4 DNA ligase and related enzymes were
purchased from New England Biolabs (NEB, Beverly,
MA), Boehringer Mannheim Biochemicals (BMB, Indian-
apolis, IN) or Invitrogen. Plasmids used to test the Y2H
system were constructed from vectors obtained from BD/
Clontech, as described elsewhere [Haney, S., L. Chen, and
S.J. Projan, manuscript in preparation 2003]. Other rea-
gents were from standard suppliers.
Preparation of chromosomal DNA
A 100 ml culture of E. coli strain MG1655, grown in 2xYT,
was pelleted and washed with 50 ml of TES buffer (50 mM
Tris-HCl, pH 8.0; 5 mM EDTA; and 50 mM NaCl). The
cells were pelleted again and resuspended in 24 ml of 25%
sucrose and 50 mM Tris pH 8.0, and incubated on ice for
20 min. 12 ml of a solution containing 10 mg/ml lys-
ozyme and 0.25 mM EDTA, pH 8.0 was added, and the
solution was mixed by inversion several times. 7.5 ml of
lysis solution (5% sarkosyl, 50 mM Tris pH 8.0, and 62.5
mM EDTA) was added and the sample was mixed by
inversion. 5 ml of a 10 mg/ml solution of proteinase K
(BMB) was added and the sample was mixed by inversion
and incubated at 55°C for 60 min. The sample was
extracted with an equal volume of TE saturated phenol
and again with PCI (TE saturated phenol, chloroform, iso-
amyl alcohol, 25:24:1). Two to three milligrams of DNA
are typically recovered.
100 ml of B. subtilis strain 160 was grown to saturation in
BHT media (Difco Labs, Detroit, MI) for 16 hours. The
cells were washed once in 50 ml EET (100 mM EDTA, 10
mM EGTA and 10 mM Tris, pH 8.0). The cells were then
resuspended in 15 ml EET. 1.5 ml of a 10 mg/ml solution
of lysozyme and 0.5 ml of a 10 mg/ml solution of RNase
A were added. The solution was incubated for 30 min at
37°C. An additional 4.5 ml of EET (100 mM EDTA, 10
mM EGTA, 10 mM Tris, pH 8.0) was added along with 1.5
ml of 20% SDS and 1 ml of a 10 mg/ml solution of pro-
teinase K. The solution was incubated for 10 min at 65°C.
1 ml of 5 M NaCl was added, the solution mixed thor-
oughly. 0.8 ml of a 10% CTAB/0.7 M NaCl solution was
added, and the solution mixed thoroughly again. The
solution was extracted with 20 ml of PCI (25:24:1 Phe-
nol:Chloroform:Isoamyl Alcohol), and the aqueous
phase transferred to new tube. 4.5 ml of isopropanol was
added and the solution was incubated for 15 min at RT,
followed by centrifugation at 15 K rpm for 20 min. The
pellet was washed with 70 % ethanol, recentrifuged and
resuspended in 1 ml of TE (10 mM Tris, 1 mM EDTA,
pH8.0.).
Construction of modified pB42 vectors, and preparation 
for ligation to insert DNA
Plasmid pB42 was digested with XhoI and EcoRI to com-
pletion, and precipitated and digested with CIP (NEB).
This vector was then split into three reactions, where three
pairs of oligos were added to form the new multiple clon-
ing sites. The annealed and ligated oligonucleotides result
in the multiple cloning site sequences depicted in Figure
1. After annealing, the reactions were incubated with T4
DNA ligase overnight, and transformed into E. coli. For
plasmids to be digested with ClaI, the three plasmids were
transformed into E. coli strain DM1, and transformants
were prepared using the Qiagen Plasmid Maxiprep kit
(Valencia, CA), according to the manufacturers instruc-
tions. For each set of transformation reactions, plasmid
DNA was prepared as follows: 100 µg of DNA was
digested with EcoRI, ClaI or BglII to completion. DNA was
precipitated with ethanol and ammomium acetate
according to standard protocols, and resuspended in 50 µl
of water, buffer and shrimp alkaline phosphatase, as
described by the manufacturer (BMB). The sample was
heat inactivated, and the DNA was purified by TAE gelBMC Genomics 2003, 4 http://www.biomedcentral.com/1471-2164/4/36
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electophoresis, and Qiagen QiaQuick clean-up prep. 100
ng of DNA was transformed into yeast strain YM4271, as
described below, to assure that very little ccDNA
remained, as measured by the number of colonies result-
ing from such a transformation. The number of trans-
formants under such a test ranged from 0–60, whereas
100 ng of ccDNA typically gives 104 colonies, or greater,
under similar transformation conditions.
Preparation of genomic inserts
Chromosomal DNA from strain MG1655 was digested
with a sufficient amount of the indicated restriction
enzyme to completely digest the DNA in 1 hour (typically
1–5 units of enzyme/µg of DNA). Partial digestion was
achieved by withdrawing samples of the reaction at vari-
ous time points and stopping the reaction by adding the
sample to an equal volume of 20 mM EDTA on ice. The
enzymes were: Tsp509I (NEB), which was to be cloned
into the EcoRI  sites of the vectors, MaeII  (BMB),  MspI
(NEB), and TaqαI (NEB), which were all to be cloned into
the ClaI sites, and Sau3A (NEB), which was to be cloned
into the BglII site. Optimal partial digestion of the DNA
was determined as the length of time needed for the
majority of the sample to consist of fragments that ranged
from 500 bp to 4 kb. These conditions, including an opti-
mal digestion time that was typically 2–5 minutes, were
then used to digest a larger sample of chromosomal DNA
under identical conditions, and the samples were isolated
by TAE/agarose gel electrophoresis. Samples in the size
range of 500 bp to 2 kbp were purified by extraction with
phenol.
Ligation and transformation in yeast
Ligation reactions for each set of partially digested inserts
were performed in two parts. In the first, the optimal vec-
tor/insert ratio was determined empirically. 100 ng of vec-
tor was incubated with increasing amounts of insert DNA
(typically from 50 ng to 500 ng) in a ligation reaction of
constant volume (50 µl) overnight at 16°C, using T4 DNA
ligase (NEB). Samples for each condition were trans-
formed into E. coli strain DH10B (Invitrogen) by electro-
poration, and the number of colonies was scored as a
measure of the optimal ratio for the ligation. When this
ratio was determined, new ligation reactions were set up
(four reactions, 500 µl each) and used for the transforma-
tion in yeast. The second part was the transformation of
the ligation into yeast. The maximal transformation effi-
ciency of yeast strain YM4271 was determined systemati-
cally. For this strain, maximal efficiency was achieved after
preparation of the competent cells that had been grown to
an OD 0.8, incubation in 0.1 M lithium acetate overnight
at 4°C, and heat shock at 42°C for 30 minutes in a trans-
formation mixture that contains 10% DMSO. For the
transformation of the ligation products into yeast, 40
transformation tubes were set up, where 50 µl of cells were
incubated with 50 µl of the ligation mixture in the trans-
formation mixture. Following heat shock, the cells were
centrifuged at 5 K rpm in a microfuge for 3 minutes, and
the cells were gently resuspended in 100 µl of YPD and
allowed to sit at RT for two hours. The cells were then
pooled and added to 500 ml of SD-Trp and 100 µl
removed for titering. The remaining culture was grown
with moderate agitation for 16 hrs. The cultures were then
chilled, pelleted and resuspended in 50 mls of 15% glyc-
erol and frozen at -70°C. The samples removed for titer-
ing were serially diluted and plated onto -Trp plates for
determination of the total number of transformants. A
sample of the frozen stock was also titered.
Characterization of the library
Identification of inserts toxic to E. coli were characterized
as follows. Samples from the amplified library pools were
streaked onto SD-Trp plates and grown as single colonies.
Colonies were grown as 5 ml overnight cultures and the
plasmids isolated as described. Plasmids were analyzed by
transfomation into the bacterial strain KC8 (BD/Clon-
tech) by electroporation, as described, and amplified by
PCR using Taq polymerase and oligos that flank the MCS
(5'-CTCTGGCGAAGAAGTCCAAAGCTTCTCG, 5'-
CAGCCTGACTGGCTGAAATCGAATGGTTTTC). The
Characterization of clones from the yeast two-hybrid library Figure 2
Characterization of clones from the yeast two-hybrid library. Plas-
mids recovered from yeast strain YM4271 were transformed 
into E. coli strain KC8 by electroporation. Tranformants 
were selected by spotting the transformation mixture onto 
M9 plates supplemented with tryptophan (A) or M9 plates 
that were not supplemented with tryptophan (B).Publish with BioMed Central    and   every 
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products were sequenced and the genomic inserts identi-
fied by BLAST [22].
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